The phosphatidylcholine-specific phospholipase D1 (PLD1) in Saccharomyces cerevisiae is involved in vesicle transport and is essential for sporulation. The gene encoding the homologous phospholipase D1 from Candida albicans (PLD1) was used to study the role of PLD1 in this pathogenic fungus. In vitro and in vivo expression studies using Northern blots and reverse transcriptase-PCR showed low PLD1 mRNA levels in defined media supporting yeast growth and during experimental infection, while enhanced levels of PLD1 transcripts were detected during the yeast to hyphal transition. To study the relevance of PLD1 during yeast and hyphal growth, an essential part of the gene was deleted in both alleles of two isogenic strains. In vitro PLD1 activity assays showed that pld1 mutants produced no detectable levels of phosphatidic acid, the hydrolytic product of PLD1 activity, and strongly reduced levels of diacylglycerol, the product of lipid phosphate phosphohydrolase, suggesting no or a negligible background PLD1 activity in the pld1 mutants. The pld1 mutants showed no growth differences compared to the parental wild-type in liquid complex and minimal media, independent of the growth temperature. In addition, growth rates of pld1 mutants in media with protein as the sole source of nitrogen were similar to growth rates of the wild-type, indicating that secretion of proteinases was not reduced. Chlamydospore formation was normal in pld1 mutants. When germ tube formation was induced in liquid media, pld1 mutants showed similar rates of yeast to hyphal transition compared to the wild-type. However, no hyphae formation was observed on solid Spider medium, and cell growth on cornmeal/Tween 80 medium indicated aberrant morphogenesis. In addition, pld1 mutants growing on solid media had an attenuated ability to invade the agar. In a model of oral candidosis, pld1 mutants showed no attenuation of virulence. In contrast, the mutant was less virulent in two different mouse models. These data suggest that PLD1 is not essential for growth and oral infections. However, they also suggest that a prominent part of the phosphatidic acid and diacylglycerol pools is produced by PLD1 and that the level of these components is important for morphological transitions under certain conditions in C. albicans.
INTRODUCTION
In Saccharomyces cerevisiae a phosphatidylcholine (PC)-specific phospholipase D1 (ScPLD1), located in the particulate fraction of haploid and diploid cells (Ella et al., 1995) , was found to be essential for sporulation (Rose et al., 1995) . This phospholipase had enhanced activity in media with non-fermentable carbon sources and was able to transfer phosphatidate to primary alcohols (Ella et al., 1995) . In 1996, a gene encoding a phosphatidylcholine (PC)-specific phospholipase D (SPO14) was cloned (Ella et al., 1996 ; Rose et al., 1995 ; Waksman et al., 1996) . Although spo14 mutants were viable, they were unable to sporulate. ScPLD1-deficient mutants were also deficient in growth on nonfermentable carbon sources (Ella et al., 1996 ; Waksman et al., 1996) and it was postulated that ScPLD1 must play a role in growth, secretion and regulation of membrane lipid synthesis in yeast (Sreenivas et al., 1998 ; Xie et al., 1998) . Both the activity and the proper localization of the enzyme were needed to form prospore walls during sporulation (Rudge et al., 1998) . In addition, it was suggested that ScPLD1 generates a pool of phosphatidic acid (PA) or diacylglycerol (DAG) necessary for budding of nascent secretory vesicles from the trans-Golgi network (Xie et al., 1998) . It is likely that ScPLD1 plays a dual role in providing lipid components such as PA or DAG, which are necessary for the formation of membranes and secretory vesicles, and may also act as signalling molecules (Rudge et al., 1998) . A third potential second messenger, lysophosphatidic acid (LPA), may be produced by the sequential activity of ScPLD1 and a phospholipase A, and may also play important roles in yeast signalling pathways.
Candida albicans is a polymorphic yeast of increasing medical importance. Approximately 90 % of all genes found in C. albicans have a homologous counterpart in the closely related yeast S. cerevisiae (Magee & Scherer, 1998) . However, the function of these homologous genes may have changed because C. albicans has long been adapted to growth in the human host. For example, genes encoding components of the MAP kinase mating pathway in S. cerevisiae have homologous counterparts in C. albicans. However, in C. albicans this pathway regulates the yeast to hyphal transition (dimorphism), one of the important virulence attributes of C. albicans (Brown & Gow, 1999 ; Ernst, 2000) . In addition to this pathway, which terminates with the transcriptional activator Cph1 (Liu et al., 1994) , at least two additional morphogenetic pathways exist. One of these additional pathways terminates with the transcriptional regulator Efg1 (Stoldt et al., 1997) while the remaining pathway terminates with the transcriptional repressor Tup1 (Braun & Johnson, 1997) . Furthermore, changes in the level of the intracellular second messenger cAMP play an important role in the regulation of dimorphism (Brown & Gow, 1999 ; Ernst, 2000) .
Since SPO14 is essential for sporulation in S. cerevisiae and sporulation of C. albicans has yet to be observed, a homologous PLD1 gene may have a different function in the pathogenic yeast. In fact, a PC-specific PLD activity providing PA, DAG and\or LPA, was shown to be involved in the yeast to hyphal transition (McLain & Dolan, 1997) . The transition was stimulated by the addition of exogenous PLD. Furthermore, the addition of 1-propanol, which resulted in the production of phosphatidylpropanol by PLD1 at the expense of the usual product, phosphatidic acid, delayed hyphal formation. These data indicated that C. albicans possessed a PLD1 gene and that, in addition to the known protein kinase-based signalling pathways, lipid molecules may be involved in the regulation of the dimorphic transition of C. albicans. The aim of this study was, therefore, to study the role and relevance of the gene encoding PLD1 during growth and dimorphism of C. albicans.
METHODS
C. albicans and Escherichia coli strains. The Ura − strain CAI4 of C. albicans (Robin) Berkhout, used for disruption of PLD1, and the ura3 ::imm434 Ura + (heterozygote of CAI4) CAF2-1 were kindly provided by Dr W. A. Fonzi, University of Washington, USA. Growth rates, dimorphism and phospholipase assays of pld1 ::hisG Ura + isogenic mutants were compared with the parental Ura + clinical isolate SC5314 (Gillum et al., 1984) , the heterozygote CAF2-1, and\or the morphogenic mutants cph1 ::hisG Ura + , efg1 ::hisG Ura + and cph1 ::hisG\efg1 ::hisG Ura + (kindly provided by Dr G. R. Fink, Massachusetts Institute of Technology, USA and Dr J. Ernst, University of Du$ sseldorf, Germany). In addition, strain B311 (Vasquez-Torres et al., 1999) was used for virulence studies. E. coli XL-Blue (Stratagene) was used for transformation of cloned PLD1 fragments.
Plasmids and fosmid library. pBluescript KS (j\k) (Stratagene) was used for subcloning of PLD1 fragments. The fosmid library (Magee & Scherer, 1998) was kindly provided by Dr S. Scherer, University of Minnesota, USA.
Media and growth conditions. To investigate PLD1 gene expression in SC5314 and growth or hyphal formation of pld1 ::hisG Ura + mutants, we used liquid YPG, minimal and protein medium (Hube et al., 1994) . For hyphal growth, cells were suspended in 5 % (v\v) calf serum (Gow & Gooday, 1982) , or induced by the addition of N-acetylglucosamine (Mattia et al., 1982) or the regime of pH\temperature-regulated yeast to hyphal transition was used (Buffo et al., 1984) . To perform growth tests on solid media, C. albicans cells were grown overnight in YPG and diluted to 2i10( cells ml − ". Five microlitres of this suspension and 5 µl serial dilutions of each strain were spotted onto each type of plate (YPG, minimal medium, protein medium), and the plates were incubated at 25 mC, 37 mC and 42 mC for at least 2 d. For hyphal induction on solid media, cells were streaked onto Spider agar (Liu et al., 1994) and cornmeal agar with 1 % Tween 80 (CMA\T) (Buckley et al., 1982) and incubated at 37 mC. For chlamydospore formation, cells were streaked on Spider agar or CMA\T at low concentrations, covered with coverslips and incubated at 25 mC for several days. Colonies were photographed using a Zeiss KF2 light microscope equipped with a Polaroid MicroCam camera. Pictures of representative colonies were taken after 24 h on CMA\T and after 72 h on Spider agar. Following photography, the plates were washed vigorously with water to remove cells on the surface of the agar. The plates were allowed to dry at room temperature for 1 h prior to the second round of photography.
PCR. PCR was used to prepare the disruption cassette and hybridization probes for Southern and Northern blots, and to confirm the disruption of the PLD1 gene. The following pairs of primers were used to amplify hybridization probes of the ORF of SPO14 : ScPLD1-1 (5h-TGTCGTTATTGATGAAA-CAT-3h) and ScPLD1-2 (5h-TTATCAAGTCGGTGTCTC-TA-3h) ; ScPLD1-3 (5h-CATCAATAACGACAAACTTCTC-G-3h) and ScPLD1-4 (5h-CGTCGCGTTCCAACAACTCAC3h) ; ScPLD1-5 (5h-TAGAGACACCGACTTGATAAAG-3h); and ScPLD1-6 (5h-TCCAGTGAACCATCATCTAG-3h). The following primers were used to amplify fragments of the ORF of PLD1 PLD1-1 (5h-GACCAACGCATCACCAATTC-3h); PLD1-2 (5h-CAGCTTGTTTCATCGACGG-3)h ; PLD1-3 (5h-AGCTGCCATATATGGCTTACC-3h) ; PLD1-4 (5h-GACA-GCACTAAGAGTGGCAG-3h) ; PLD1-5 (5h-GAATGAGGT-TGATGAGAGAGC-3h) ; PLD1-6 (5h-CAAAGATACAGTA-GGGAACTC-3h).
RNA isolation. For Northern analysis, total RNA from C. albicans was prepared as described by Hube et al. (1994) . For reverse transcriptase (RT)-PCR, total RNA was isolated using RNAPure (Peqlab Biotechnologie) according to the manufacturer's instructions.
Northern and Southern analyses. Northern blot analysis was performed as described by Hube et al. (1994) . For Southern blot analysis of genomic or fosmid DNA, standard protocols were used (Sambrook et al., 1989) . Southern blots and the fosmid library were hybridized to identify PLD1 using a nonradioactive digoxigenin (DIG)-labelling kit (Boehringer Mannheim). Three PCR-generated probes of SPO14 were used. Probe A was amplified with ScPLD1-1 and ScPLD1-2, and contained a 1000 bp fragment of the SPO14 ORF encoding the conserved boxes 4, 5 and 7 (Waksman et al., 1996) . Probe B was amplified with ScPLD1-3 and ScPLD1-4, and contained a 1100 bp SPO14 fragment located 5h of probe A, and probe C was amplified with ScPLD1-5 and ScPLD1-6, and contained a 1380 bp SPO14 fragment located 3h of probe A. To analyse PLD1 gene disruption, a 430 bp long T7 (Stratagene) PLD1-2 PCR fragment of plasmid pHPLD1 or the random labelled hisG ::URA3 ::hisG cassette of pMB7 was used as probe. For Northern blots, the same fragment of subclone pHPLD1 and a 700 bp PCR fragment of TEF3 (Colthurst et al., 1992 ; Hube et al., 1994) were labelled with [α-$#P]dCTP (" 3000 Ci mmol − " ; 111 TBq mmol − ") (Amersham). mRNA levels were measured relative to the rRNAs by loading approximately equal amounts of total RNA in each lane of the Northern blots. In addition, the TEF3 mRNA (Colthurst et al., 1992) was probed as a positive (non-quantitative) control (Hube et al., 1994) .
For Southern blots, membranes were hybridized without formamide using digoxigenin-labelled probes and washed as described by the manufacturer (Boehringer Mannheim) with either 65 mC (low stringency) or 68 mC (high stringency) incubation temperatures.
Screening of the fosmid library. The fosmid library was blotted onto nylon membranes using a vacuum dot-blot system (Schleicher & Schuell). E. coli cells were lysed and fosmid DNA was denatured with 0n5 M NaOH, 1n5 M NaCl. After neutralization with 1 M Tris\HCl pH 8n0, 1n5 M NaCl, fosmid DNA was fixed by baking and membranes were hybridized as described for Southern analysis. DNA from positive fosmids was isolated as described by Hube et al. (2000) .
DNA sequencing. DNA subcloned into pBluescript was sequenced by Seqlab Laboratories or MWG.
RT-PCR. One microgram of DNase I-treated total RNA was used for cDNA synthesis as described by Schaller et al. (1998) . The cDNA was purified using NucleoSpin extract columns (Macherey & Nagel). To detect PLD1 transcripts, primers PLD1-5 and PLD1-6 were used to amplify an 889 bp cDNA fragment of PLD1. To prove the absence of contaminating genomic DNA, we used primers specific for the introncontaining gene encoding elongation factor 1 (EFB1) (Maneu et al., 1996) . Using primers EFB5h (5h-ATTGAACGAATTC-TTGGCTGAC-3h) and EFB3h (5h-CATCTTCTTCAACAG-CAGCTTG-3h), a 916 bp PCR fragment was amplified when genomic DNA was present. In contrast, a 551 bp sized RT-PCR fragment of the EFB1 transcript which does not contain an intron of 365 bp in size was amplified when cDNA was used as a template. Even traces of DNA were detectable, when EFB5h and the intron-specific primer EFBint (5h-TCTTGAG-GCCACCTCATAAAC-3h) were used. In these control experiments an additional 264 bp fragment was amplified.
Candida transformation and gene disruption. Protoplasts were prepared and PLD1 disruption cassettes were transformed as described by Hube et al. (1997) . For 5-fluoroorotic acid (FOA) selection of Ura − recombinants (Fonzi & Irwin, 1993 ; Gow et al., 1994) , cloned transformants were resuspended in 1 ml water and plated on SD agar containing FOA (0n01 g ml − ") and uridine (25 µg ml − ").
To construct a disruption cassette, pHPLD1 (Fig. 1b) was digested with SacI and SalI, which removes a 2075 bp internal fragment. Since this fragment was 450 bp longer than expected from the published sequence (Kanoh et al., 1998) , we sequenced this part of the gene and found a T instead of a C in position 1266, which created a second SacI site at 1262 bp. The removed fragment contained sequences encoding the HXKXXXXD, HKD and GGGR motifs, which are critical for activity of ScPLD1 in S. cerevisiae (Waksman et al., 1996) . The hisG ::URA3 ::hisG cassette of pMB7 (Fonzi & Irwin, 1993) was removed by SacI\SalI digestion, and ligated into pHPLD1 to give pHP1ura (Fig. 1b) . pHP1ura was linearized with PvuII and transformed into CAI4. Integration of the cassette into the PLD1 locus was confirmed by Southern analysis for each step of the disruption procedure (Fig. 1c, d ). When genomic DNAs of first round transformants were digested with EcoRI and hybridized to the PLD1 probe, wild-type alleles were 12 kb in size (Fig. 1c) . Alleles which contained the hisG ::URA3 ::hisG cassette showed two bands, one with a size similar to the wild-type band and a second band of 3n5 kb. The correct integration could be confirmed using BamHI, which again produced a second band of 3n5 kb in addition to the large band when hybridized to the PLD1 probe. EcoRI and BamHI digests of DNA from FOA-resistant segregants showed a single band 1 kb smaller than the size of the wild-type band when hybridized with the PLD1 probe. Since it was difficult to distinguish between the wild-type band and the large bands of disrupted alleles, Southern analysis was repeated using a hisG ::URA3 probe to confirm the disruption of both alleles (Fig. 1d) . In first round transformants a 9 kb and a 3n5 kb fragment of the disrupted allele hybridized in EcoRI digests as expected. In FOA segregants only one band 9 kb containing the remaining hisG part hybridized. In second round transformants the larger band 9 kb, the 9 kb band and the 3n5 EcoRI band were all visible, confirming that both alleles were disrupted and no additional integration had occurred. Using the two primers pHPLD1-3 and pHPLD1-4, hisG integration and disruption of both alleles in two isogenic strains was confirmed by PCR (not shown). The two isogenic pld1 ::hisG\pld1 ::hisG ::URA3 ::hisG null mutants (Ura + ) were named pld1∆1 and pld1∆2, and used for growth and activity tests.
PLD1 assays. Cell extracts were prepared and PLD1 activity was assayed as described by McLain & Dolan (1997) .
Experimental infection. Virulence properties of pld1 mutants were tested in an in vitro model of oral candidosis based on reconstituted human epithelium (RHE) as described by Schaller et al. (1998) cultures were incubated at 37 mC with 5 % CO # at 100 % humidity for 12-48 h.
Animal studies. Germ-free immunodeficient beige nude (bg\ bg nu\nu) mice (Fodstad et al., 1984) were inoculated orally with approximately 1i10' c.f.u. of either wild-type SC5314 or pld1∆1 mutant cells ; a second wild-type strain, B311, was also used for comparison (Vasquez-Torres et al., 1999) . Viability was monitored for 6 weeks post-inoculation. Germfree immunodeficient transgenic ε26 mice (Wang et al., 1994) were inoculated orally with approximately 1i10' c.f.u. wildtype SC5314, wild-type B311 or pld1∆1 mutant cells. Viability was again monitored for 6 weeks post-inoculation. Survival curves were calculated according to the method of KaplanMeier using GraphPad Prizm 3.0a software and were compared using the log rank test of Mantel-Haenszel.
RESULTS

Cloning of PLD1
To identify genes in C. albicans homologous to SPO14, genomic DNA of SC5314 was digested with EcoRI and blotted onto membranes. The blot was hybridized with SPO14 probes and four distinct bands between 3 and 10 kb were identified, indicating that homologous sequences exist in the genome of C. albicans. The same probes were used to screen 10 membranes of a fosmid library, each containing 96 fosmid clones (Magee & Scherer, 1998) . Two positive clones, 2G2 and 6E4 (http :\\alces.med.umn.edu\candida\fosmidinfo.html) were further analysed. Each clone contained a 7n5 kb PstI and a 9n0 kb EcoRI fragment. The 7n5 kb fragment was cloned into the PstI site of pBluescript KS (j\k) to give pHPLD1. Sequencing from both ends revealed ORFs. Sequences from the T3 site had homologies to several hypothetical GTPase genes with the highest similarity to an ORF of S. cerevisiae with unknown function (accession no. U51032). The opposite strand of the T7 site encoded an amino acid sequence with high similarity (40 % identity) to ScPLD1 corresponding to amino acids 473-826 of the deduced protein. The DNA sequence of this region of the PstI fragment was found to be 98 % identical to the PLD1 sequence published by Kanoh et al. (1998) and localized on contig numbers Con4-1904 and Con4-2834 of the Stanford genome project website (http :\\www-sequence.stanford.edu\ group\candida\index.html; gnlQStanford-5476Q C.albicans-Con4-1904 Candida albicans unf… 7002 0.0 ; gnlQStanford-5476QC.albicans-Con4-2834 Candida albicans unf… 3251). Since fosmid 6E4 was mapped to chromosome 1, PLD1 must be located on this chromosome.
PLD1 in vitro expression studies
Since PLD1 activity was stimulated by inducers of the dimorphic transition (McLain & Dolan, 1997) , we questioned whether PLD1 is regulated during morphogenesis. Hyphal formation of C. albicans was induced by pH\temperature shift in Lee's medium (Buffo et al., 1984) . Cell samples were taken 60, 90, 120, 180 were used as internal controls (Hube et al., 1994 ; Schaller et al., 1998) . mRNA levels were measured relative to the rRNAs by loading approximately equal amounts of total RNA in each lane of the Northern blots. In addition, the TEF3 mRNA (Colthurst et al., 1992) was probed as a positive (non-quantitative) control (Hube et al., 1994) . For RT-PCR, the EFB1 primers amplifying the intron-containing region were used to show the absence of contaminating DNA. EFB1 cDNA revealed a 551 bp fragment. Only traces of DNA were detectable when primer EFB5h and the intron-specific primer EFBint were used. In these control experiments an additional 264 bp fragment was amplified when DNA was present.
and 300 min after induction, hyphal formation was monitored and total RNA was isolated. After 60 min, no germ tube formation was seen ; after 90 min, germ tube formation was 57 %, 83 % after 120 min and 90 % after 180 min. The RNA was used to measure PLD1 transcripts by Northern analysis and RT-PCR (Fig. 2) . Northern analysis showed expression of PLD1 at 180 min, but no signals in the other samples (Fig. 2a) . In contrast, the more sensitive RT-PCR analysis showed a continuous up-regulation of PLD1 expression during the dimorphic transition (Fig. 2b) . A similar expression pattern was seen when the experiment was repeated. To show that the up-regulation was due to the morphological transition, hyphal formation was also induced by the addition of N-acetylglucosamine (Mattia et al., 1982) . After 120 min, 42 % of the cells produced germ tubes. After 150 and 180 min, 68 % and 85 % of the cells showed hyphal formation. Expression of PLD1 was observed during the course of germ tube production (Fig. 2c) . Similar results were obtained when this experiment was repeated or when hyphal formation was induced by the addition of serum (not shown).
In S. cerevisiae it has been postulated that ScPLD1 may play a role in growth, secretion and regulation of lipid biosynthesis (Sreenivas et al., 1998) . Therefore, we studied the expression of PLD1 in medium with protein as the sole source of nitrogen. Under these conditions high levels of secreted aspartic proteinases must be secreted to support growth, while cells unable to secrete distinct Saps do not grow (Hube et al., 1997) . C. albicans cells were grown in protein medium and PLD1 expression was monitored 30, 60, 120, 180 and 300 min after inoculation using RT-PCR (Fig. 3). A continuous low-level expression of PLD1 was observed in two independent experiments. In addition, YPD precultures without proteinase-inducing BSA also showed PLD1 expression (not shown).
PLD1 is expressed during experimental infections
To investigate whether PLD1 is expressed during infections with C. albicans, we screened for mRNA transcripts in infected artificial tissue. A model of oral candidosis based on RHE (Schaller et al., 1998) was used to study PLD1 expression during experimental infection. Total RNA was isolated from infected RHE at different time points during the course of an infection and mRNA transcripts were amplified by RT-PCR using primers PLD1-5 and PLD1-6. PLD1 transcripts were detectable 12, 36 and 48 h after infection, indicating that PLD1 is expressed during an infection process.
PLD1 encodes a phospholipase D
Expression studies showed a low-level expression of PLD1 under most conditions and an up-regulation during hyphal formation. PLD1 activity has also been shown to increase during morphogenesis (McLain & Dolan, 1997) . To investigate the relevance of PLD1 during growth and dimorphism, we produced mutants that lack functional copies of PLD1 (Fig. 1) mutants, an essential part of each allele of the PLD1 gene was removed in two isogenic strains.
Sequence alignment of PLD1 with SPO14 and other phospholipase D genes strongly suggested that PLD1 encodes a phospholipase D. Southern analysis of wildtype and pld1 null mutants and sequence comparison with sequence data from the Candida genome project (http :\\www-sequence.stanford.edu\group\candida) suggested that PLD1 exists as a single copy gene and that C. albicans does not contain additional homologous PLD genes. However, additional heterologous PLD genes may exist in S. cerevisiae (Mayr et al., 1996 ; Waksman et al., 1997) . To prove whether PLD1 encodes phospholipase D1 and whether this is the only gene responsible for PLD1 activity in C. albicans, we measured PLD activity using a fluorescent analogue of PC (BODIPY-phosphatidylcholine ; Molecular Probes) in extracts from wild-type and the pld1 null mutants. No detectable BODIPY-phosphatidic acid and strongly reduced levels of BODIPY-diglyceride were detected in both pld1∆1 and pld1∆2 when compared with the wildtype SC5314 or CAF2-1 (Fig. 4) , indicating that PLD1 encodes the major or only PC-specific phospholipase D in C. albicans. Fig. 4 also demonstrates that basal PLD1 activity is unaffected by mutations in CPH1, EFG1 or both.
Growth of pld1 null mutants
To test the effect of the lack of PLD1 activity on cell growth of C. albicans, several growth conditions were tested. Since expression of PLD1 was observed in complex media, we first analysed the growth of pld1∆1 and pld1∆2 in YPG medium. No differences in growth rates were observed at 25 mC, 37 mC or 42 mC. The same results were observed when the pld1 mutants were grown in minimal medium with protein as the sole source of nitrogen at 37 mC, indicating that sufficient proteinases were secreted and secretion was not reduced significantly due to the lack of PLD1 activity.
Hyphal formation of pld1 null mutants in liquid media
Expression of PLD1 was observed during the yeast to hyphal transition when cells were induced by pH\ temperature shift, N-acetylglucosamine or serum. To study the relevance of PLD1 during the dimorphic transition, the pld1 mutants were induced and the rate of hyphal formation was compared with the wild-type strain SC5314. No differences were observed in all cases. For example, in serum-induced cultures both wild-type and mutant cells had more than 50 % germ tubes after 60 min and more than 90 % hyphal cells after 120 min.
Chlamydospore production
C. albicans has the ability to form thick-walled cells, termed chlamydospores, which arise on elongated suspensor cells situated on pseudohyphal or hyphal cells. Although they do not appear to allow long term survival, the morphology resembles true yeast spores. S. cerevisiae spo14 mutants were viable, but unable to sporulate. Therefore, we investigated the role of PLD1 during chlamydospore formation. Chlamydospore formation was induced on Spider agar and CMA\T under microaerobic conditions at 25 mC. Although suspensor cells of pld1 mutants sometimes appear to be more swollen compared to wild-type suspensor cells, both pld1 mutants were able to produce chlamydospores to the same extent as the wild-type.
Morphological defects of pld1 null mutants on solid media
Although no differences in hyphal formation were seen in liquid media, there were substantial differences on solid media. On solid serum agar, an overall reduction of hyphal formation was seen for the pld1 mutants when compared to the wild-type. On Spider agar, pld1 mutants failed to make hyphae that radiate away from the central colony, a phenotype previously reported for cph1 (Liu et al., 1994) and efg1 (Stoldt et al., 1997) mutants (Fig. 5) . The pld1 mutants produced hyphae that penetrated into the agar under the colony, but the extent of penetration was reduced relative to that seen with the wild-type or cph1 mutant. The hyphal formation of the wild-type is variable from one plate to another, making absolute quantitations impossible. Nevertheless, the majority (greater than 50 %) of wildtype colonies formed radiating hyphae on Spider medium while the pld1 mutants failed to form any colonies with radiating hyphae. The phenotype on CMA\T medium was most pronounced after the first 24 h growth. The number of hyphae radiating from the pld1 mutant colonies (Fig. 5h, i) was substantially greater than the number radiating from either the wild-type (Fig. 5g) or the cph1 mutant (Fig. 5j) . As with Spider medium, the wild-type colonies exhibited some degree of variability. Nevertheless, greater than 75 % of wildtype colonies gave rise to fewer than 10 radiating hyphae after 24 h at 37 mC with most producing only one or two such hyphae. In contrast, all pld1 colonies gave rise to numerous hyphae (20-50 hyphae per colony) radiating from the central colony. Furthermore, the hyphae produced by the pld1 mutants were straighter and shorter than those produced by the wild-type or cph1 colonies, which were long and kinked (marked with arrowheads in Fig. 5 ).
S. cerevisiae cells exhibit a haploid-specific ability to invade agar and this process is regulated by components of the pheromone response pathway (Roberts & Fink, 1994 ; Cook et al., 1996) . Homologues of some of these components regulate morphogenesis in C. albicans ; therefore, the ability of wild-type and pld1 mutant cells to invade the agar was also examined (Fig. 6) . Cells within the agar more clearly revealed the differences in the ability of the strains to invade a solid surface and in the pattern of lateral budding along the hyphae. The wild-type cells and the cph1 mutant robustly invaded the agar of Spider medium, producing hyphae that were heavily decorated with yeast-form cells (Fig. 6a, c) . The efg1 mutant cells had a reduced ability to penetrate the surface of Spider medium and failed to form hyphae of any substantial length (Fig. 6d) . The pld1 mutants were able to invade Spider agar, but failed to form lengthy
... ..............................................................................................................................................   Fig. 6 . Mutants have a distinct agar-invasion phenotype. Washed plates were photographed to examine the morphologies of hyphae within the agar medium. (a-d) Cells on Spider agar ; (e-h) cells on CMA/T. The strains examined were CAF2-1 (a, e), pld1∆1 (b, f), cph1 (c, g) and efg1 (d, h) . The arrowheads in (e) indicate hyphae decorated with large clusters of cells that are common to wild-type hyphae but essentially absent from the pld hyphae. Bars, 1 mm (d) ; 0n2 mm (h). Parts (a-d) and (e-h) have the same magnifications.
hyphae and the hyphae that did form were not as heavily decorated by yeast-form cells (Fig. 6b) . Differences in lateral budding were also seen with cells growing on cornmeal agar in which wild-type and cph1 cells formed clumps of yeast cells at regular intervals along the hyphae (Fig. 6e, g ). The pld1 mutants formed small clusters containing only a few cells per cluster (Fig. 6f) . As with Spider medium, the efg1 mutant cells were not able to invade the agar efficiently and produced only foci of cells just below the surface (Fig. 6h) . The relevance of these defects to growth in vivo is not known at this time.
Null mutants exhibit reduced virulence
Since we showed that the PLD1 gene is expressed in wild-type strains during infection of our model of oral candidosis (RHE), we infected the RHE tissue with the pld1 null mutants and compared the phenotype with the parental wild-type strain. Histological samples were taken 12 h and 36 h after infection and 60 sections were analysed for each time point and each strain. No obvious differences were observed between the wild-type and mutant strains. Mutations in several genes regulating morphogenesis in C. albicans share the same phenotype on solid Spider medium as the pld1 mutants. These other mutants also exhibit reduced virulence in animal models of infection compared to the parental strain SC5314. The lethality of the pld1∆1 mutant was assessed in a mouse model utilizing bg\bg nu\nu immunodeficient mice (Fodstad et al., 1984) . For this experiment, an additional wild-type strain of C. albicans was used. B311 and SC5314 are independently isolated wild-type strains. Strain B311 has been used extensively in animal studies, including studies with the bg\bg nu\nu mice, and was included solely to provide a point of reference to earlier virulence studies with this strain of mice. The survival of mice orally inoculated with 10' c.f.u. was followed for up to 42 d post-inoculation (Table 1) . As expected, both wildtype strains of Candida were 100 % lethal to the immunodeficient mice with the death of all inoculated animals within 42 d post-inoculation. In contrast, all animals inoculated with pld1∆1 cells survived to 42 d post-inoculation and were healthy when killed. The ability of cells lacking PLD1 activity to produce a lethal infection was also determined using transgenic epsilon 26 (tgε26) mice (Wang et al., 1994) . Following oral inoculation, pld1∆1 mutant cells were significantly less virulent than wild-type strains of C. albicans (Table  2) . Both wild-type strains tested (CAF2-1 and B311) were able to establish lethal infections resulting in mortality by 42 d post-challenge. In contrast, all mice inoculated with the PLD1-deficient yeast were alive and healthy at the end of the experiment. These assessments of virulence in two independent strains of immunodeficient mice indicate that the loss of PLD1 activity may have a profound effect on the ability of the cell to establish a disseminated and lethal infection.
DISCUSSION
One of the most prominent phenotypes of S. cerevisiae spo14 null mutants was the fact that cells were unable to sporulate (Ella et al., 1996 ; Rose et al., 1995 ; Waksman et al., 1996) . Since C. albicans has not been shown to sporulate, we reasoned that a homologous phospholipase D1 in this fungus may have a different function. Earlier experiments from McLain & Dolan (1997) showed that at least one calcium-independent, phosphatidylinositol 4,5-bisphosphate-stimulated, oleatesensitive form of PLD1 exists in C. albicans. These studies also demonstrated that this enzyme was important to the process of dimorphic transition.
Research on the regulation of dimorphism was recently focused on MAP kinases, cAMP-regulated pathways and transcriptional regulators (Brown & Gow, 1999 ; Ernst, 2000) . In contrast, very few studies of the role of lipids as second messengers in the regulation of morphology in C. albicans have been reported (Gadd, 1995 ; Gadd & Foster, 1997) . Therefore, the aim of this study was to clone the PLD1 gene and to investigate the role and importance of this gene during growth and hyphal formation. The gene encoding PLD1 was cloned from a fosmid library. Sequencing of a major part of the ORF revealed a 98 % identity to the sequence published by Kanoh et al. (1998) . The observed differences may be due to sequencing errors, strain differences or the fact that different alleles were sequenced. PLD1 is a large gene encoding a protein of 1710 aa with a calculated molecular mass of 196n4 kDa (Kanoh et al., 1998) . The overall identity of the deduced protein to ScPLD1 was 42 % (Kanoh et al., 1998) with highly conserved HXKXXXXD, HKD and GGGR motifs in the active site.
In this study, we found that PLD1 indeed showed a higher expression during the yeast to hyphae transition, but also constitutive expression during yeast growth in several media, indicating a more general function of this gene. To study the overall relevance of PLD1 for growth and during the dimorphic transition in particular, we designed pld1 null mutants that lacked an essential part of the ORF. Activity assays showed that these mutants were unable to produce PA, the hydrolytic product of PLD1, derived from PC indicating that PLD1 in fact encodes a phospholipase D. Moreover, these results suggested that PLD1 is the only or most prominent gene encoding a PC-specific PLD in C. albicans. Null pld1 mutants were viable on all tested media, indicating that PLD1 is not an essential gene. Furthermore, no differences in growth rates compared to the wild-type were seen in all liquid media. These PLD1 and morphology experiments included growth in protein medium, indicating that proteinase secretion was not significantly reduced. In addition, chlamydospore formation was still possible in the pld1 mutants. In a model of oral infections, no attenuated virulence phenotype was observed. In two different mouse models, however, the pld1∆1 mutant was significantly less virulent than wildtype strains. Therefore, we concluded that PLD1 does not play a major role during growth, chlamydospore formation, secretion in liquid media or oral infections. However, on solid media marked differences were seen, with the lack of hyphal production on Spider medium the most prominent phenotype. Such an inability to form hyphae on Spider medium was also observed for the mutants lacking the transcriptional regulators Cph1 (Liu et al., 1994) or Efg1 (Stoldt et al., 1997) . To prove that the observed phenotype was due to the lack of a functional PLD1 gene and not to undetected mutations introduced during the gene disruption procedure, we produced a second isogenic PLD1 null mutant (pld1∆2). This second mutant showed the same phenotype as pld1∆1 under all conditions, making it unlikely that an undetected mutation was responsible for the observed phenotype. In principle, PLD1 may act in two different ways during growth and dimorphism. It may produce lipid second messenger molecules which have regulatory functions or simply provide or change lipid molecules necessary as structural material for membranes (or both). For example, PA, LPA and DAG have been demonstrated to enhance membrane curvature (Kearns et al., 1997 ; Schmidt et al., 1999) . Alternatively, PA may interact with proteins to alter cytoskeletal organization. PA has been demonstrated to stimulate the activity of phosphatidylinositol-4-phosphate 5-kinase in both mammals and S. cerevisiae ; the resulting accumulation of phosphatidylinositol 4,5-bisphosphate can serve as a focal point for the assembly of cytoskeletal proteins containing pleckstrin homology (PH) domains (Lemmon et al., 1996 ; Tall et al., 1997) . In addition, LPA may be generated by the concerted action of PLD1 and a phospholipase A (Mago & Khuller, 1990 ; Goyal & Khuller, 1992) , which may act as an inducer of hyphal formation. LPA is known to be a major extracellular signal, produced in large amounts by activated platelets and other cells in human serum, which activates G proteins (Moolenaar, 1995 ; Gaits et al., 1997) . Since a low molecular mass filtrate of serum was shown to be an inducing agent of the dimorphic transition via the RAS1 gene product (Feng et al., 1999) , LPA may be a candidate signalling molecule which can be produced by host and\or Candida cells during infection. Finally, PLD1 may provide DAG, via lipid-phosphate phosphohydrolase, as a signalling molecule or material for a growing hyphal tip. In yeast cells, it has been shown that DAG plays an essential role in vesicular trafficking (Kearns et al., 1997) . A role for PLD1 activity in secretion is supported by work on phosphatidylinositol transfer proteins (PITPs) in C. albicans and other yeasts. The only published regulator protein of fungal PLD1 is an atypical PITP (Li et al., 2000) . Although the physiological relevance of this regulation has not been established, this regulation adds to the genetic interaction described between PLD1 and the classic fungal PITP, Sec14p. SEC14 is an essential gene in S. cerevisiae and a number of extragenic 'SEC14 bypass' suppressors have been identified. For these suppressor mutations to bypass the requirement for Sec14, the cell must possess functional PLD1 (Sreenivas et al., 1998 ; Xie et al., 1998) . This suppressor analysis suggests a role for PLD1 in secretion, particularly in the budding of nascent secretory vesicles from the transGolgi network. Furthermore, work on Sec14 in both Yarrowia lipolytica (Lopez et al., 1994) and C. albicans (Monteoliva et al., 1996 ; Riggle et al., 1997) has revealed a possible role for Sec14 in morphogenesis. Sec14 has been proposed to regulate the DAG pool necessary for proper secretory function (Kearns et al., 1997) . Therefore, PLD1 might contribute to morphogenesis by ensuring that adequate levels of DAG are available for the secretion of components to the growing hyphal cell. There are a number of possible important or even essential functions for PLD1. Nevertheless, disruption of the corresponding gene had only a minor effect. This may be due to a second PLD activity. However, our data suggest that a second PLD gene does exist or is expressed at very low levels. The fact that PLD1 is not an essential gene suggests that the cell is able to adapt to the loss of PLD1 activity by producing the necessary metabolites in different, PLD1-independent, ways. Since DAG is essential for viability, it is reasonable to propose that adequate levels of DAG can be produced by alternative pathways such as a phospholipase C. In fact, a gene encoding a phosphatidylinositol-specific phospholipase C (CAPLC1) has recently been cloned in C. albicans (Bennett et al., 1998) . In addition to phospholipase C1-derived DAG, DAG can be generated by the action of inositol-phosphoryl ceramide synthase (encoded by AUR1) which transfers phosphoinositol from phosphatidylinositol to phytoceramide with the release of DAG (Hashida-Okado et al., 1996) . Another potential source for compensatory increases in DAG levels is dephosphorylation of PA generated by acylation of glycerol 3-phosphate (Athenstaedt & Daum, 1997) instead of by hydrolysis of PC. Thus the cell has numerous mechanisms by which to generate DAG and PA, the two prominent products of PLD1 activity. It has been reported recently that C. albicans may be capable of mating (Magee & Magee, 2000 ; Hull et al., 2000) . Such a capability would suggest that this organism is also capable of undergoing sporulation and meiosis. In fact, homologues of several S. cerevisiae genes involved in sporulation and meiosis have been identified. PLD1 is critical to the successful completion of meiosis and sporulation in S. cerevisiae. It will be interesting to determine whether homologues of sporulation regulators are able to alter the activity of PLD1 in C. albicans and whether PLD1 may be involved in sporulation of C. albicans. The importance of lipid signalling in the metabolism and pathogenesis of fungi is only now becoming apparent. While the available information is very incomplete, it is already clear that lipid signalling has the potential to be as important to the cell as protein kinase signalling. Also of significance will be the manner in which cells respond to mutations that impact on the ability to utilize lipid messengers. Finally, the manner in which the cells are able to integrate the complex intracellular signals derived from so many different pathways and stimuli into a single coherent response represents a very rich area for future study.
